thalamus. Thalamic nuclei were retrogradely labeled from individual forebrain areas, 47 microdissected and cells pooled (8 projection targets, 22 nuclei, 120 samples, Extended Data 48 Tables 1 and 2 ). Anterograde tracing of inputs to thalamus was used when identification of 49 nuclear boundaries was ambiguous (Fig. 1, A and B, Extended Data Table 1 ). We then used 50 hierarchical clustering to explore the relationship between the transcriptomes of thalamic nuclei 51 (on the 500 most differentially expressed genes via an ANOVA-like test, see methods, Extended 52
Data Fig. 1B and Supplementary Table 2) , and identified five major subdivisions of nuclei across 53 thalamus (Fig. 1C) . Anterior dorsal nucleus (AD) and nucleus reuniens (RE) each formed 54 profiles of their own, leaving three major multi-nuclei profiles. These major profiles were not 55 explained by cortical projection target or modality, since the multiple nuclei projecting to motor, 56 somatosensory or visual cortices split across different profiles. For example, central medial 57 (CM), ventral anterior (VA) and ventral lateral (VL) nuclei all project to motor cortex, but are 58 split across the three profiles. By typically receiving input from each of these profiles, each 59 cortical region samples from all three genetically defined pathways. Our nuclear subgrouping 60 also did not obey rules of the prominent core/matric scheme of thalamus, Calb1 + neurons which 61 define 'matrix' nuclei are split by the first branch of our hierarchical clustering (Extended Data 62 Fig. 2 ) [5] [6] [7] . Rather, our three major profiles were best distinguished by anatomy with nuclei of 63 each profile occupying a characteristic position along the mediolateral axis of the thalamus (Fig.  64 1D). We thus find that the architecture of thalamus is dominated by genetic differences that are 65 organized topographically. we named the three major profiles primary, secondary, and tertiary. The progressive difference 95 from primary to tertiary nuclei was also evident in the number of genes differentially expressed 96 between the groups, with the primary and tertiary nuclei being most distinct, and the other two 97 comparisons being less so (Fig. 2C ). This primary axis was prominently enriched in genes 98 encoding neurotransmitter receptors, ion channels, and signaling molecules ( Fig. 2D and E Given the prominent differences in receptor and ion channel expression between thalamic 122 profiles, we asked whether these profiles correspond to functionally distinct classes of neurons. 123
We first performed PCA on the expression profiles of voltage-gated ion channel or 124 neurotransmitter/modulator receptor encoding genes (Fig. 3A , left and right respectively).
125
Analysis with these limited gene sets reproduced the separation of profiles in PC1 (Fig. 3A) , 126 confirming that ion channel and receptor profiles are organized along the same axis identified in 127 Fig. 2 . Genes linked to high firing rates via faster channel kinetics, such as Kv3 channels (Kcnc1,  128 Kcnc3), the Scn8a channel, and the Kcnab3 subunit 12-14 , tended to be progressively elevated 129 toward primary profile nuclei. This raised the possibility that action potential width may 130 progressively narrow from tertiary to primary nuclei (Fig. 3B ). Whole-cell recordings from the 131 motor-related nuclei CM, VA and VL (representing the three main nuclear profiles; Fig. 2E ) 132 confirmed this prediction (Fig. 3C) . Neurons recorded within VL have the narrowest action 133 potential width and those in CM the widest. In addition, many other electrophysiological 134
properties showed a systematic gradient ranging from VL through VA to CM (Fig. 3C , and 135
Extended Data Fig. 4 Table 3 ). Analysis of this single-cell RNAseq dataset resulted 188 in multiple clusters for each projection class, and cluster markers included many genes that also 189 distinguished nuclei ( A common organizing principle of thalamus divides nuclei into discrete core or matrix subtypes 209 that span modalities 1,7 . To date the strongest evidence for cross-modal organization is that 210 genetic differences can be larger within a sensory modality than between sensory 211 modalities 17 (Extended Data Fig. 9 ). However, previous studies have focused either on select 212 sensory systems and/or have had limited scope with respect to the molecules investigated 18 . 213
Here, using the full transcriptomes of nearly all thalamic pathways, we confirm cross-modal 214 organization but replace the core/matrix dichotomy with a spectrum of profiles that span a single 215 axis of genetic variance. For example, we find that the matrix subtype has substantial diversity, 216 splitting into multiple profiles based upon hierarchical clustering (Extended Data Fig. 2 ). The 217 axis of variance is dominated by genes that directly shape neuronal properties, leading to 218 conserved, systematic variation of function. This pattern of variation is not only imposed on 219 sensory thalamocortical systems but also diversifies motor, limbic, and cognitive thalamocortical 220 systems. Understanding how the pattern of intra-thalamic molecular variability intersects with 221 input modalities and behavioral relevance will be an important challenge for future work 19 Table  251 2) 24 . Minimum survival time was 3 weeks post-injection. Viruses were prepared by Janelia Retrogradely labeled cells were isolated as described above, and collected into 8-well strips 289 containing 3 µL Smart-seq2 lysis buffer, flash-frozen on dry ice, and stored at -80ºC until further 290 use 28 . 291 292
Upon thawing, cells were re-digested with Proteinase K and barcoded RT primers were added. 293 cDNA synthesis was done using the Maxima H Minus RT kit (Thermo Fisher) and E5V6NEXT 294 template switch oligo, followed by heat inactivation reverse transcriptase. PCR amplification 295 using the HiFi PCR kit (Kapa Biosystems) and SINGV6 primer was performed with a modified 296 thermocycling protocol (98ºC for 3 min, 20 cycles of 98ºC for 20s, 64ºC for 15s, 72ºC for 4 min, 297 final extension at 72ºC for 5 min). Samples were then pooled across strips, purified with Ampure 298 XP beads (Beckman Coulter), washed twice with 70% ethanol and eluted in water. These pooled 299 strips were then combined to create the plate-level cDNA pool for tagmentation, and 300 concentration was determined using Qubit High-Sensitivity DNA kit (Thermo Fisher Contamination with common astrocytic, oligodendrocytic, erythrocytic and microglial transcripts 371 was low, consistent with a lack of substantial contamination by non-fluorescent cells (Extended 372 Data Fig. 1A) . To ensure the specificity of our dissections and to control for potential batch 373 effects, we collected several nuclei through multiple independent labelling approaches, and 374
showed that these samples cluster in a highly similar manner (Extended Data Fig. 1C generalized linear models, as described in edgeR User manual 3.2.6), testing for differences 386 between any of the 22 nuclei, and used the 500 genes with the highest P-value. 387
To avoid bias due to differences in sample number when comparing numbers of differentially 388 expressed genes between different profiles in Fig. 2C Voltage-gated ion channels were the genes defined in the database, while for neurotransmitter 414 receptors we included ionotropic and metabotropic receptors for glutamate, GABA, glycine, 415 acetylcholine, 5-HT, dopamine, trace amine, histamine, and opioids. 416 417
Single-cell RNAseq analysis 418 419
Data processing and quality control 420
Single-cell RNAseq data was trimmed for adapters using cutadapt and aligned to the mouse 421 genome (mm10) using STAR. To demultiplex cells, collapse UMIs and produce gene-wise 422 counts for each cell, we used a modified version of the Drop-seq_tools-1.12 pipeline. Briefly, 423 read 1 was tagged based on the cell barcode and UMI, and this information was added to read 2 424 by merging back the reads after mapping, followed by gene-wise tagging of reads that map onto 425 exons and summarization of digital counts. 426
Single cells were required to have more than 20,000 UMIs and more than 2,500 genes detected 427 per cell, which yielded a total of 1,971 cells (Extended Data Fig. 5A ). Of these, 22 cells were 428 found to be significantly contaminated with oligodendroglial and vascular cell transcripts 429 (Extended Data Fig. 5C ), leaving 1,949 cells for all downstream analyses. Genes were 430 considered expressed if their expression was detected in more than 10 cells. 431
Our single-cell sequencing was not comprehensive, and with improved sequencing approaches 432 further genetic subdivisions may be identified. Single-cell and pooled-cell dissections were not 433 precisely matched, for example motor-projecting midline nuclei were not dissected for single-434 cell RNAseq. However, pooled-cell and single-cell RNAseq are in close agreement (Extended 435
Data Fig. 4B ), indicating that our results are robust to collection method. 436 437
Single-cell clustering and marker genes 438
Single-cell clusters were defined using the Seurat R package (version 2.0) 33,34 . Data were log 439 transformed and scaled. For identifying variable genes, genes were divided into 20 bins based on 440 average expression, and genes that were more than 1 standard deviation away from average 441 dispersion within a bin were used for downstream analysis. Single-cell clustering was performed 442 separately for each projection system using shared nearest neighbor (SNN) clustering and 443 limiting the analysis to the top 10 principal components for distance calculation. Clusters were 444 defined by the Louvain algorithm, and clustering resolution set to 0.6. Clusters of cells were 445 visualized using t-distributed stochastic neighbor embedding (tSNE) using the top 10 principal 446 components as input and perplexity set to 30. Marker genes for each cluster were required to be 447 expressed in at least 80% of the cells in the cluster, to have a P-value <10^-5 (Likelihood Ratio  448 Test), a log2 fold change > 0. Expression of Calb1 and Pvalb (mean ± SEM) for each nucleus, with nuclei on the x-axis 581 colored by their profile from Fig. 1 . The core/matrix organizational theory proposes that 582 thalamus is divided into two discrete groups, expressing calbindin or parvalbumin. However, the 583 first major branch splits the secondary and tertiary groups, both of which are marked by Calb1 584 and would thus both be considered 'matrix' nuclei in this theory. Thus existing markers for 585 thalamic nuclei subgroups do not adequately reflect thalamic organizational structure. 
